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ABSTRACT
The observed distribution of radii for exoplanets shows a bimodal form that can be ex-
plained by mass-loss from planetary atmospheres due to high energy radiation emitted
by their host stars. The location of the minimum of this radius distribution depends
on the mass-radius relation, which in turn depends on the composition of planetary
cores. Current studies suggest that super-Earth and mini-Neptune planets have iron-
rich and hence largely Earth-like composition cores. This paper explores how non-zero
planetary magnetic fields can decrease the expected mass-loss rates from these planets.
These lower mass-loss rates, in turn, affect the location of the minimum of the radius
distribution and the inferred chemical composition of the planetary cores.
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1 INTRODUCTION
Recent exoplanetary discovery missions have unveiled thou-
sands of planets that reside close to their parent stars (e.g.,
Morton et al. 2016). The majority of these planets have radii
in the range Rp = 1−4 R⊕ (e.g., Borucki et al. 2011; Fressin
et al. 2013) and masses Mp . 20 M⊕ (Howard et al. 2012;
Weiss & Marcy 2014). One overarching goal of exoplanet
studies is to understand the distributions of planetary radii
and masses in the observational sample.
For those planets with measured masses and radii, we
can use theoretical structure models to ascertain their prop-
erties. Many of the planets are consistent with being com-
pletely solid, with an approximately “Earth-like” composi-
tion (1/3 iron, 2/3 silicate rock) and do not possess a sub-
stantial atmosphere (Dressing et al. 2015; Dorn et al. 2019).
However, many other planets have such low densities that
they must be composed of a solid-core surrounded by a
Hydrogen/Helium atmosphere with significant volume (e.g.,
Jontof-Hutter et al. 2016). Still other planets display inter-
mediate densities, and could have a multitude of different
compositions, ranging from a solid-core surrounded by a thin
Hydrogen/Helium atmosphere to a planet containing large
amounts of ice and water (e.g., Rogers & Seager 2010).
One hypothesis that has gained significant observational
support is that many of these close-in, low-mass planets orig-
inally formed with a composition that consisted of a solid
core surrounded by a large H/He envelope. Due to the prox-
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imity of their host stars, however, these planetary atmo-
spheres experienced severe photoevaporation driven by UV
and X-ray radiation; this process was able to remove a sig-
nificant fraction — or in some cases all — of their original
H/He envelopes (Owen & Wu 2013; Lopez & Fortney 2013).
A key prediction from this scenario is that close-in, low-
mass exoplanets evolving under the influence of photoevap-
oration follow two different pathways. Those planets with
high irradiation levels, or with low mass cores, are com-
pletely stripped of their H/He atmosphere. In contrast, plan-
ets with lower irradiation levels, or with higher mass cores,
retain a H/He envelope that contains roughly ∼ 1% of the
core’s mass (Owen & Wu 2013; Lopez & Fortney 2013). As
a ∼ 1% H/He envelope significantly increases the radius of a
planet above the core surface, this latter evolutionary path-
way leads to a gap in the distribution of exoplanet radii,
where the location of the gap depends on the orbital period.
This effect is often denoted as the “evaporation valley”. Us-
ing precise stellar radii determinations from the California-
Kepler-Survey (Petigura et al. 2017; Johnson et al. 2017),
Fulton et al. (2017) and Fulton & Petigura (2018) identified
such a gap for planets with radii RP ∼ 1.8 R⊕ and periods
Porb < 100 days. Van Eylen et al. (2018) used planets around
stars with asteroseismically determined parameters to show
that location of the gap (the characteristic planetary radius)
decreases with increasing orbital periods as predicted by the
photoevaporation model.
Because the location of the gap in the radius distribu-
tion is identified observationally, and the core mass can be
calculated from photoevaporation models, the orbital period
c© 2015 The Authors
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at which a core of a given mass can be stripped depends on
the mass-loss rate. As a result, using the observed location
of the evaporation valley, coupled with a photoevaporation
model, one can infer the composition of the planetary cores
(Owen & Wu 2013; Owen 2019), and place constraints on
where they formed within the protoplanetary disc. Owen &
Wu (2017), Jin & Mordasini (2018) and Wu (2019), using
a photoevaporation model that assumes pure hydrodynamic
outflow, derived a core composition that was predominately
Earth-like, and contained little spread. This result indicates
that core formation occurs inside the snow-line and perhaps
favours in-situ formation models (e.g., Hansen & Murray
2012; Chatterjee & Tan 2014; Lee & Chiang 2016; Jankovic
et al. 2019). However, this conclusion is dependent on the ac-
curacy of the adopted mass-loss rates. Large-scale planetary
magnetic fields, which remain unconstrained on exoplanets,
can reduce the pure hydrodynamic mass-loss rates signifi-
cantly. This present work explores the effects of magnetic
fields on the mass-loss rates from close-in, low-mass planets.
We then show how the presence of magnetic fields changes
the estimates of the composition of planetary cores inferred
from the location of the evaporation valley.
2 THEORETICAL OVERVIEW
As detailed in Owen & Wu (2013,2017), the origin of the
evaporation valley is that the maximum timescale for evap-
oration (the ratio of the atmospheric mass to the mass-loss
rate, tm˙ ≡Matm/M˙) of a planet’s atmosphere occurs when it
roughly doubles the solid cores’ radius. The timescale de-
creases for atmospheres smaller than this benchmark be-
cause the planetary radius is roughly constant (so that the
mass-loss rate is roughly constant). The timescale also falls
off for larger atmospheres as the planetary radius swells
up rapidly with the addition of atmospheric mass (so that
the mass-loss rate increases rapidly). For hydrogen/helium
dominated atmospheres, this maximum timescale typically
occurs when the atmosphere is a few percent by mass of
the core. As a result, complete stripping of a core (indepen-
dent of its initial atmospheric inventory) can occur when this
maximum mass-loss timescale is shorter than the time avail-
able for mass-loss to occur. This latter time is typically ∼ 100
Myr, the saturation timescale (tsat) for a star’s high-energy
output. Thus, provided all cores accrete an envelope mass-
fraction larger than that required to maximise the mass-loss
timescale (for typical conditions this is true for cores more
massive than & 1 M⊕, see Section 3.2), the location of the
evaporation valley is thus determined by the relation
tmaxm˙ (Mp,a, t = tsat)∼ tsat , (1)
where tmaxm˙ (Mp,a, t = tsat) is the maximum mass-loss timescale
for a planet of mass Mp with orbital separation a.
2.1 The Evaporation Valley as a Probe of Core
Composition
We can demonstrate how the observed position of the evap-
oration valley can be used to infer the core composition by
approximately solving Equation (1) to find the most mas-
sive planet that can be stripped at a given separation (fol-
lowing Owen & Wu 2017). We will solve the problem nu-
merically in Section 3. In the following, we can parameterise
the mass-loss rate using the energy-limited mass-loss law,
where M˙ = ηpiR3pLHE/4pia2GMp, with LHE the star’s high-
energy luminosity during the saturation phase, Rp the plan-
etary radius, and η the mass-loss“efficiency”. Given that the
maximum mass-loss timescale occurs roughly for an atmo-
spheric mass fraction (X2) that doubles the core radius (i.e.,
Rp = 2Rc, Owen & Wu 2017), Equation (1) becomes
GM2pX2
2R3c
≈ ηtsat LHEa2 . (2)
Since the planet’s mass is completely dominated by the core,
Mp ≈ Mc, we can use a mass-radius relationship to convert
the planet mass into a core radius through a mass-radius
relationship. For demonstration purposes in this sub-section,
we use Mc ∝ R4c , so that the core’s density ρc is given by
ρc = ρM⊕(Mc/1M⊕)1/4, with ρM⊕ the density of an Earth-
mass core which depends on the core-composition. Dropping
all constants, Equation (2) becomes
Rc ∝ a−2/5X
−1/5
2 η
1/5ρ−8/15M⊕ , (3)
which specifies the position of the bottom of the evaporation-
valley (i.e., the radii of the remaining stripped cores as a
function of separation). For a given photoevaporation model
(which determines η(Rc,a)) and an atmospheric structure
model (which determines X2(Rc,a)) the observed position of
the valley in radius-separation space can be used to measure
ρM⊕ and hence infer core composition.
Although the dependence and uncertainty of X2 on vari-
ous parameters is weak (Owen & Wu 2017), the dependence
of the mass-loss efficiency η is less well constrained, and is
model dependent. As a result, the core-composition that one
infers, based on the chosen form of η and the observed lo-
cation of the evaporation valley, is subject to a clear model-
dependent degeneracy. Smaller evaporation efficiencies η can
be balanced by lower-density cores to give the same valley
position (see equation [3] and Wu 2019).
2.2 Suppression of Mass-Loss by Planetary
Magnetic Fields
Close-in exoplanets could possess large-scale dynamo gener-
ated magnetic fields, either from their cores, or from their
convective hydrogen/helium atmospheres. Since the evapo-
rative outflow is at least partially ionized, it will be coupled
to any large-scale planetary magnetic field (Adams 2011). In
the case of a dipole field, whose magnetic moment is aligned
perpendicular to the planet’s orbital plane, magnetic field
lines near the planet’s equator are likely to be closed. Such
closed field lines — by construction — do not permit an
outflow from low latitudes. This effect results in a “dead-
zone” near the planet’s equatorial region which is in magne-
tostatic balance (Adams 2011; Trammell et al. 2011, 2014;
Daley-Yates & Stevens 2019). The magnetic pressure drops
rapidly (as r−6) with increasing distance r, so that there will
be some radius beyond which the magnetic pressure falls
below the pressure of the planet’s X-ray/UV heated atmo-
sphere. Field lines originating at sufficiently high latitudes
extend to larger radii and will be forced open, thereby allow-
ing mass-loss from some fraction of the planetary surface.
Owen & Adams (2014) analytically estimated this frac-
tion by computing magnetostatic balance of an isothermal
MNRAS 000, 1–7 (2015)
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Figure 1. The panels show the position of the lower boundary of the evaporation valley as a function of the core’s composition for a
magnetic field strength of 0.3 (upper left), 1.0 (upper-right), 3.0 (lower-left) and 10.0 (lower-right) gauss. The solid-black line shows the
position for the pure hydrodynamic case (B = 0). The coloured lines show core compositions of silicate rocks + 1/3 iron (dark red), 15%
iron (light red), 15% water-ice (light-blue) 1/3 water-ice (dark blue) and pure silicate rocks (green). Since the observed valley does not
extend above ∼ 1.9 R⊕ the calculated valley positions are shown as dotted lines above 1.9 R⊕ and solid lines below. The data points are
planets with precise parameters taken from Van Eylen et al. (2018).
atmosphere in the presence of a dipole magnetic field line.
This model was originally compared to simulations of more
massive hot Jupiters, showing good agreement; however, the
underlying physics of the model is independent of the un-
derlying planet mass and is equally applicable to low-mass
planets. The fraction of the planet’s surface that supports
open field lines (and hence mass-loss) is then estimated by
assuming that field lines which cross the equator in a re-
gion where the magnetic pressure is smaller than that of the
isothermal atmosphere will be opened out by the outflow.
This estimate gives an approximate solution for the fraction
of the planetary surface that supports outflow, i.e.,
FAP ≈ 12κ
−1/6 exp
(
−Φg
6
)
, (4)
where κ = B2/(8piP0) is a measure of the ratio of the mag-
netic pressure to thermal pressure at the planet’s surface
(P0), B is the dipole surface magnetic field strength, and
Φg = GMp/c2sRp measures the depth of the gravitational po-
tential well. Since not all of the planetary surface supports
outflow, the mass-loss rate must be reduced in the pres-
ence of strong magnetic fields (large κ). For fixed planetary
magnetic field strength, the parameter κ depends on orbital
separation through the pressure at the base of the outflow
(∝ a for EUV heating, Owen & Adams 2014). However, since
the exponents on η and κ are small in Equations (3) and
(4), the effect of magnetic fields on changing the slope of the
valley is immeasurably small (unless B varies strongly with
core-mass1).
Nonetheless, the presence of strong magnetic fields will
act to reduce the overall mass-loss rate. For example, simu-
lations have shown a field strength of 1 gauss is sufficient
to reduce the mass-loss rates by an order of magnitude
in hot-jupiters (e.g., Adams 2011; Owen & Adams 2014;
Arakcheev et al. 2017). For the population of close-in super-
Earths and mini-Neptunes, an order of magnitude reduc-
tion in the mass-loss rates would make ice-rich cores, rather
than iron-rich cores, consistent with the observed valley lo-
cation. This change would obviously have important impli-
cations for the inferred formation location of these plan-
ets. We can analytically estimate the degeneracy between
the core-composition and surface magnetic field strength by
1 This possibility is (most likely) already ruled out, given that
the valley slope is consistent with the standard model without
magnetic fields (Van Eylen et al. 2018); see Section 3.2 for further
discussion.
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Figure 2. The envelope mass fraction required to maximise the mass-loss timescale (X2) as a function of core-mass for the models shown
in Figure 1. The solid coloured lines show core compositions of silicate rocks + 1/3 iron (dark red), 15% iron (light red), 15% water-ice
(light-blue) 1/3 water-ice (dark blue) and pure silicate rocks (green). The dashed line show the envelope mass fraction a core of that mass
would accrete in 1 Myr in a typical protoplanetary disc and the dotted line shows the envelope mass fraction that would be accreted in
1 Myr in a protoplanetary disc that is depleted in gas by a factor of 200; models taken from Lee & Chiang (2015).
substituting into Equation (2) the result from Equation (4).
The valley is observed to occur at some Rc for a given a.
Neglecting the variation of X2 and Φg, and taking P0 to be
roughly independent of the magnetic field strength, we find
the scaling relation
ρM⊕ ∝ B−1/8 for B> Bmin , (5)
where Bmin is the field strength below which magnetic fields
are too weak to affect the outflow (i.e. FAP(B ≤ Bmin) = 1).
Thus, stronger magnetic fields imply lower core densities,
and ice-rich cores are only a factor of . 2 lower density than
iron-rich ones.
3 EFFECTS OF MAGNETIC FIELDS
The previous sections indicates that there is a degeneracy
between the presence of magnetic fields on low-mass exo-
planets and the core-composition inferred from the measured
position of the evaporation valley. Here we solve for the this
degeneracy for small, hydrogen/helium rich planets. We em-
phasis we have no a priori knowledge of what magnetic field
strengths to expect on exoplanets, other than picking val-
ues typical for Solar-System objects. A better way to think
about this problem, which we discuss in Section 4, is using
actual measurements of the core-composition of planets. By
using follow-up mass-measurements, of planets below the
evaporation valley, then one can, in combination with the
position of the evaporation valley, make inferences about
the magnetic field strengths of these planets.
3.1 Method
As in Section 2, we solve for the lower-boundary of the evap-
oration valley by solving Equation (1) as a function of or-
bital period, for different core compositions and magnetic
field strengths. However, in this section we do it numeri-
cally. This calculations consists of two parts: First, a calcu-
lation of the planet’s structure in order to find the radius and
envelope mass-fractions at which the mass-loss timescale is
maximised. Second, a calculation of the suppression of mass-
loss by a magnetic fields. We consider our planet to consist
of a solid-core surrounded by a hydrogen/helium envelope.
The solid-core’s mass-radius relationship is taken from the
relations in Fortney et al. (2007). In order to calculate the
planetary radius and envelope mass-fraction at which the
mass-loss timescale is maximised, we use the semi-analytic
model of Owen & Wu (2017). In this model, the planet’s
envelope is approximated as an adiabatic interior (where we
MNRAS 000, 1–7 (2015)
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adopt γ = 5/3), with an isothermal outer layer at the planet’s
equilibrium temperature.2
For the mass-loss calculations we use the mass-loss rates
and efficiencies from Owen & Jackson (2012). In order to find
the fraction of the planetary surface that permits outflow
for a given field strength, we adopt the method of Owen
& Adams (2014). Namely, the flow-profiles from Owen &
Jackson (2012) provide the hydrodynamic variables along
a streamline that connects the star and planet. Taking the
planet to have a dipole field strength B and a dipole di-
rection that is perpendicular to the orbital plane, one can
compare the pressure of the flow solutions to the magnetic
pressure arising from an unperturbed dipole. Therefore, we
can approximate the fraction of the planet’s surface that per-
mits outflow by finding the distance from the planet, along
the streamline connecting the star and planet, where the
flow pressure exceeds the magnetic pressure. The planet’s
dipole field structure can then be traced back from this dis-
tance to find the polar-angle at which it leaves the planet,
and hence determine the fraction of the planetary surface
that permits outflow. We then modify the mass-loss rate as
m˙ = FAP m˙HD, where m˙HD are the mass-loss rates from the
pure-hydrodynamic calculations of Owen & Jackson (2012).
In all cases, surface magnetic field strengths are defined
at the planet’s photosphere. Recall that the maximum mass-
loss timescale typically occurs when the planetary radii is
twice that of the core. As a result, the magnetic field strength
at the core’s surface is approximately 8 times weaker at the
planet’s surface at the point where the mass-loss timescale
is maximised.
3.2 Results and Discussion
Figure 1 shows the position of the bottom of the evaporation-
valley for core-compositions ranging from iron-rich and
“Earth-like” to those which are ice-rich, for magnetic field
strengths of 0.3, 1.0, 3.0 and 10.0 gauss. As expected, the
presence of magnetic fields does not notably change the slope
of the valley (although it does steepen for ice-rich cores, this
is driven by changes in the mass-radius relation and mass-
loss efficiency for icy-rich cores). However, it significantly
shifts its position in the radius-period plane. Furthermore,
the degeneracy between the inferred core-composition and
assumed planetary magnetic field strength becomes appar-
ent for magnetic field strengths B & 1 gauss, where larger
assumed magnetic field strengths require lower density and
hence ice-rich cores.
As discussed in Section 2, our method implicitly
assumes that all cores accrete sufficiently large hydro-
gen/helium envelopes so that the initial envelope mass frac-
tion is larger than that required to maximise the mass-
loss timescale (X2). To check this assumption, we plot the
value of the envelope mass fraction as a function of core-
composition, core-mass, and magnetic field strength in Fig-
ure 2. We see that for nominal conditions in protoplane-
tary discs, the core-accretion models of Lee & Chiang (2015)
(shown as the dashed lines in Figure 2) indicate that cores
& 1 M⊕ would typically accrete a sufficient hydrogen/helium
2 Note that in this approach we solve the planetary structure
equations, rather than using the simplified scaling relations.
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Figure 3. The density of an earth-mass core (and core-
composition shown on the right-hand axis using the Fortney et al.
2007 models) that would be inferred from the observed position
of the evaporation valley as a function of the assumed planetary
magnetic field strength. Higher assumed magnetic field strengths
require lower density cores. The star shows the position of a 5 M⊕
Earth-like core with a 1 gauss field at the core-envelope bound-
ary. The dotted line shows the approximate analytic scaling from
Equation 5, which is in good agreement with the more detailed
calculations.
envelope to satisfy our assumption (in agreement with other
core-accretion models, which show typical envelope mass
fractions > 1%, e.g., Jin et al. 2014). Even in the case of
a highly gas depleted protoplanetary disc (dotted lines in
Figure 2) our assumption breaks down only below . 2 M⊕.
Such cores would only be stripped at long periods, where we
currently have limited data. As a result, our implicit assump-
tion that cores accrete sufficient hydrogen/helium to initial
have envelope mass fractions > X2 is robust. This conclusion
is also born out by the work of Wu (2019). In fitting the
observed radius valley with photoevaporation models, Wu
(2019) finds initial mass fractions & 1 %. If this assumption
breaks down, however, the dependence of the evaporation-
valley on the accretion history of the cores cannot be ig-
nored, meaning it may no longer provide a direct probe of
core-composition.
The degeneracy between core-composition and mag-
netic field strength is more clearly seen in Figure 3, where
we plot the inferred core density (shown for a 1 M⊕ core) as
a function of the assumed surface magnetic field strength.
The right side of the figure shows the composition expected
for the core densities of the left side. This figure shows that
ice-rich cores are preferred if planets have field strengths
B& 3 gauss, whereas iron-rich cores are indicated if planets
have surface strengths B. 3 gauss.
We also plot the surface magnetic field strength that a
5 M⊕ core with an Earth-like composition would have if the
core had a 1 gauss field for an envelope that maximises the
mass-loss timescale. This clearly indicates that for typical
Solar-System terrestrial planet magnetic field strengths, if
the magnetic fields were entirely generated in the core they
would be too weak to affect the position of the evaporation
valley and hence the core composition inferred.
Therefore, a planetary field strength large enough to
affect the inferred core composition from the evaporation
MNRAS 000, 1–7 (2015)
6 Owen, J. E. & Adams F. C.
valley would likely need to be dynamo-generated from
within the hydrogen/helium atmosphere itself. Given there
is no analogue of a planet that contains a few-percent of its
mass in a hydrogen/helium atmosphere in our Solar-System,
there are no direct examples of Solar-System bodies with
measured field strengths for comparison. Christensen et al.
(2009) provide a scaling relation, calibrated to the giant
planets and stars, in order to turn convective heat flux into
a magnetic field strength. Applying this relation to a several
earth mass core with a few percent by mass hydrogen/helium
envelope suggests that dipole field strengths of ∼5-10 gauss
at an age of ∼ 100 Myr are possible. However, we caution
that these values come from extrapolating the Christensen
et al. (2009) relation3 far from where it was tested, and it’s
not clear that it can be blindly applied to a planet structure
of our type.
Another point of view on this problem can be found by
looking at those planets below the evaporation valley with
measured masses. Both Dressing et al. (2015) and Dorn et al.
(2019) studied those planets with radii Rp . 1.8 R⊕ and well
constrained masses, finding they are roughly consistent with
a uniform, Earth-like and ice-free composition. This result
suggests that the mass-loss from close-in mini-neptunes is
not magnetically controlled, and that mass-loss rates are not
suppressed by planetary magnetic fields. Taking this fact and
turning it around would suggest that the hydrogen/helium
envelopes of close-in mini-neputunes do not generate sur-
face magnetic field strengths in excess of ∼ 0.3 gauss during
their youth and that the solid cores do not generate magnetic
fields in excess of a few gauss at the core/envelope bound-
ary. Thus, future mass measurements of more planets below
the evaporation-valley could be used to break the degener-
acy between core-composition and magnetic field strength.
This would allow insights into both planet formation and
the strength of exoplanetary magnetic fields.
Clearly, since our comparisons are based on a statistical
sample of exoplanets such conclusions only probe the bulk
of the population. It is of course likely their is a distribution
of exoplanetary magnetic field strengths.
4 SUMMARY
The observed location of the evaporation valley has been
interpreted in favour of super-Earths and mini-neptunes
possessing iron-rich, Earth-like composition cores. However,
this inference is based on the mass-loss rates being accu-
rate, and to date only pure hydrodynamic models have been
used. It has been well established that strong planetary
magnetic fields can suppress photoevaporative mass-loss, in
some cases reducing the mass-loss rates by orders of mag-
nitude. In this work, we have demonstrated that there is
a degeneracy between the assumed surface planetary mag-
netic field strength and the core composition inferred from
the observed evaporation valley. If the surface magnetic field
strengths are in excess of B& 3 gauss during the planet’s first
few 100 Myrs, then ice-rich rather than ice-free core would
be inferred from the evaporation-valley. We have shown that
3 In fact, we note that adopting the Christensen et al. (2009)
relation in our full calculation predicts the incorrect slope for the
evaporation valley.
magnetic fields generated within the solid core would be too
weak by the time they reached the surface of the planet’s hy-
drogen/helium atmosphere to suppress the mass-loss if they
have magnitudes similar to terrestrial Solar-System bod-
ies (e.g., ∼ gauss strengths at the core-envelope boundary).
However, fields generated by a dynamo in the planet’s con-
vective hydrogen/helium atmosphere could suppress mass-
loss and favour ice-rich cores. The fact that planets with
precise mass values that reside below the evaporation valley
are all consistent with an Earth-like composition suggests
that dynamo generated fields in the hydrogen/helium en-
velopes of mini-neptunes are weak during their youth with
surface field strengths B. 0.3 gauss.
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